Figure 1. Identification of the Centrosomal Protein Specifically Phosphorylated by CDK2/Cyclin E as NPM/B23
(A) Centrosomes isolated by a discontinuous sucrose gradient centrifugation were subjected to two-dimensional (2D) gel electrophoresis, followed by silver staining. (B) Isolated centrosomes were tested for the microtubule nucleating activity as described (Mitchison and Kirschner, 1986) Figure 1E ). Bornens, 1994) . The isolated centrosomes were tested for its purity by two-dimensional (2D) gel electrophoresis, followed by silver staining ( Figure 1A ). The 2D spot NPM/B23 Is Phosphorylated by CDK2/Cyclin E pattern of the isolated centrosomes was similar to those
In Vitro previously published for highly purified centrosomes To test whether NPM/B23 is a direct substrate of CDK2/ (Moudjou et al., 1996) . We also tested the functionality cyclin E, we prepared bacterially purified wild-type (wt) of the centrosomes by an in vitro microtubule nucleation and several deletion mutant NPM/B23 fused with glutaassay (Mitchison and Kirschner, 1984) ( Figure 1B ). Most thione-S-transferase (GST) (Figure 2A ). Using these of the centrosomes nucleated microtubules, demonstrat-GST-NPM/B23 proteins and purified CDK2/cyclin E, we ing the functional integrity of the isolated centrosomes.
performed an in vitro kinase assay ( Figure 2B ). GST Using the isolated centrosomes as substrates, we permoiety of the protein was not phosphorylated by CDK2/ formed an in vitro kinase assay with purified CDK2/ cyclin E, as no phosphorylation was detected in the cyclin E in the presence of [␥
32
-P]ATP. As controls, the reaction with GST ϩ CDK2/cyclin E (lane 1). CDK2-cyclin kinase reactions were performed in parallel with either E phosphorylated wt and two deletion mutants (⌬84-151 centrosomes alone or CDK2/cyclin E alone. The reaction and ⌬14-107), while one deletion mutant (⌬186-239) mixtures were subjected to 2D gel electrophoresis (Fig- failed to be phosphorylated. Thus, the CDK2/cyclin ure 1C). Several distinct spots were observed in the E-mediated phosphorylation site(s) of NPM/B23 is loreaction with the centrosomes alone ( Figure 1C , panel cated between amino acid residues 186 and 239. Ina). This is expected, since isolated centrosomes are deed, sequence analysis of NPM/B23 (Chan et al., 1989) known to be associated with kinase(s) and display autoshowed the presence of four CDK2 phosphorylation phosphorylation activity (Keryer et al., 1995). CDK2/ consensus sequences in this region. cyclin E alone showed several isoelectrically distinct spots ‫05ف‬ kDa in size ( Figure 1C, panel c) . These spots represented autophosphorylated cyclin E (Koff et al.,
NPM/B23 Associates with Centrosomes
To examine the potential involvement of phosphoryla-1992; Won and Reed, 1996). Like many other kinases, autophosphorylation of cyclin E occurs at high levels tion of NPM/B23 by CDK2/cyclin E in centrosome duplication, we first characterized the available anti-NPM/ when the potential substrates are absent in the reaction. Thus, the spots associating with the cyclin E autophos-B23 monoclonal antibody, which was raised against an entire NPM/B23 protein (Yung et al., 1985) . We examined phorylation (panel c) were less significant in the gel with centrosome ϩ CDK2/cyclin E (panel b). Comparison of whether this antibody detects both phosphorylated and unphosphorylated NPM/B23. To this end, it was necesthe spot pattern of the reaction (centrosome ϩ CDK2/ cyclin E) with those of the controls (panels a and c) sary to separate phosphorylated and nonphosphorylated GST-NPM/B23 proteins in SDS-PAGE. In vitro kirevealed one spot unique to the experimental reaction ( Figure 1C , panel b, indicated by an arrow). To identify nase reactions with GST-NPM/B23 with or without CDK2/cyclin E in the presence of [␥
32
-P]ATP were run the protein of this spot, the spot was excised and subjected to in-gel tryptic digestion. The eluted fragments on SDS-PAGE, and blotted on to a membrane. The blot was subjected to autoradiography as well as immuwere analyzed by MALDI-TOF mass spectrometry. The peptide mass fingerprint was compared to predicted noblot analysis using anti-NPM/B23 antibody. We found that the standard pH 8.8 SDS-PAGE did not separate peptides generated from the NCBInr database by the MS-Fit search algorithm. The digestion profile most phosphorylated and nonphosphorylated GST-NPM/B23 (C) Centrosomes isolated from quiescent Swiss 3T3 cells were subjected to an in vitro kinase reaction in the presence of [␥- These results suggest that NPM/B23 may associate with unduplicated, but not with duplicated centrosomes in We tested whether NPM/B23 was present in the isolated centrosomes. The centrosomes were isolated from interphase cells, and that NPM/B23 may dissociate from centrosomes during G1 progression. To test this, we quiescent Swiss 3T3 cells by discontinuous sucrose gradient fractionation. We determined the sucrose gradient first synchronized Swiss 3T3 cells by serum starvation, followed by serum stimulation. To monitor the cell cycle fraction(s) containing centrosomes by immunoblot analysis for the presence of ␥-tubulin, a major component progression after serum stimulation, cells in the parallel cultures were subjected to a BrdU incorporation assay. of centrosomes (for a review, see Joshi, 1994). The ␥-tubulin was present in fractions 2-4 ( Figure 3C was not detected at the centrosomes during separation centrosomes. Between 6 and 12 hr, the percent of cells with one centrosome that showed NPM/B23 at the and migration (panels a-l). However, during mitosis, association of NPM/B23 with the mitotic poles (centrocentrosome decreased to ‫.%03ف‬ Thus, NPM/B23 appears to dissociate from centrosomes during G1 prosomes) was evident (panels m-p), suggesting that centrosomes reacquire NPM/B23 during mitosis. gression.
To corroborate the immunocytochemical observations, we isolated centrosomes from cells serum stimulated for 0, 6, and 12 hr by discontinuous sucrose gradi-NPM/B23 Dissociates from Centrosomes by CDK2/Cyclin E-Mediated Phosphorylation ent fractionation. The fractions were examined for the levels of NPM/B23 by immunoblot analysis ( Figure 4E ).
We tested whether NPM/B23 changes its affinity to centrosomes upon phosphorylation by CDK2/cyclin E. As a control, the fractions were probed with anti-␥-tubulin antibody. Up to 6 hr after serum stimulation, After in vitro kinase reactions with or without CDK2/ cyclin E using the isolated centrosomes as substrates, NPM/B23 was detected at high levels in the centrosomal fractions. At 12 hr after serum stimulation, however, the reaction mixtures were separated into the pellet (containing centrosomes) and the supernatant by centhe level of NPM/B23 in the centrosomal fractions was dramatically decreased. These results further support trifugation. The pellet and supernatant were subjected to immunoblot analysis for NPM/B23. When the centrothe dissociation of NPM/B23 from centrosomes during G1 progression.
somes were incubated with CDK2/cyclin E, the majority of NPM/B23 was present in the supernatant (Figure 6 , We next examined when, in the cell cycle, NPM/B23 Figure 7C, a, upper  panel) . When the centrosomes were incubated with antigag antibody, the phosphorylated NPM/B23 was observed in the supernatant (lane 2), but not in the pellet (lane 1). In contrast, with anti-NPM/B23 antibody, phosphorylated NPM/B23 was not found in either pellet or supernatant (lanes 3 and 4) . The immunoblot analysis of the reaction mixtures by anti-NPM/B23 antibody showed the presence of high levels of NPM/B23 in the supernatant of the reaction with the control anti-gag antibody, but not of the reaction with anti-NPM/B23 antibody ( Figure 7C, a, lower panel) . Thus, binding of anti-NPM/B23 antibody blocks CDK2/cyclin E-medi- Figure 2A) were FLAG the centrosome at a high magnification, when cells are subjected to cold treatment and brief extraction prior to epitope tagged, and transfected into Swiss 3T3 cells together with a plasmid encoding a puromycin-resistant fixation, which depolymerizes microtubules nucleated at the centrosomes. Representative immunostaining is gene. As a control, the vector was transfected. The puromycin-resistant cells at 48 hr post-transfection were reshown in Figure 7B (panels d-dЈЈ) . Each of the signals identified as two dots at a low magnification (panel dЈ) plated and cultured for an additional 48 hr. Cells were first examined for the expression of transfected NPM/ was resolved to a pair of dots at a higher magnification, representing a centriole pair (panel d, inset). The B23 by immunoblot analysis using anti-FLAG antibody ( Figure 8A ). All of the transfectants expressed similar centrosome duplication frequencies determined by anti-␣-tubulin antibody was similar to those determined by levels of transfected NPM/B23. Cells were examined for centrosomes by co-immunoanti-␥-tubulin antibody, indicating that the two dots detected by anti-␥-tubulin antibody represent duplicated staining of ␥-tubulin and ␣-tubulin after cold treatment and brief extraction ( Figure 8B ). In the vector-transcentrosomes.
SDS/PAGE and autoradiographed (
We next examined how the anti-NPM/B23 antibody fected cells, ‫%04ف‬ of cells contained one centrosome and ‫%06ف‬ contained two centrosomes. The cells transexerts its inhibitory effect. Two possibilities exist: (1) the antibody inhibits phosphorylation of NPM/B23 by CDK2/ fected with wt and the two mutants, NPM⌬14-107 and NPM⌬84-151, showed similar profiles in the number of cyclin E, or (2) the antibody allows the phosphorylation, but suppresses dissociation of NMP/B23 from centrocentrosomes per cell. In contrast, the majority (Ͼ75%) of cells transfected with the nonphosphorylatable mutant, somes. To test these possibilities, isolated centrosomes were incubated with anti-NPM/B23 or anti-gag antibodies, NPM⌬186-239, contained one centrosome, suggesting that centrosome duplication was blocked by the expresand were subjected to an in vitro kinase reaction using purified CDK2/cyclin E in the presence of [␥- To corroborate these observations, the transfectants reaction mixtures were centrifuged, and the pellets and supernatants were heat denatured in the presence of were also examined for the presence of cells with bipolar mitotic spindles by co-immunostaining with anti-␣-and 0.5% SDS (see Experimental Procedures). The pellets and supernatants were then diluted to 0.1% SDS, and ␤-tubulin monoclonal and anti-␥-tubulin polyclonal antibodies ( Figure 8C ). Approximately 6% of the vectorwere subjected to immunoprecipitation using anti-NPM/ B23 antibody. The immunoprecipitates were run on transfected cells had readily identifiable bipolar mitotic centrosome duplication is blocked in NPM⌬186-239-transfected cells. It should be noted that in NPM⌬186-239-transfectants, we observed frequent floating cells with typical apoptotic phenotypes (i.e., condensed chromosomes). Although the molecular basis of these apoptotic cells is unclear at present, apoptosis may be a consequence of defective mitosis with monopolar spindles, which is under investigation.
We next asked which duplication stage (splitting of a centriole pair or synthesis of a procentriole) was blocked by expression of NPM⌬186-239 mutant. To this end, the NPM⌬186-239-transfected cells were examined by thin section transmission electron microscopy ( Figure  8F, panels a and a dynamic structural change, leading to initiation of centrosome duplication.
Two-Dimensional Electrophoresis
In summary, our present study puts forward the fol- cytoplasm (Nigg, 1988) , including NPM/B23, some of Vhr. After focusing, the gels were equilibrated for 5 min in a buffer containing 125 mM Tris (pH 6.8), 2% SDS, 10% glycerol, 9 mM DTT, which relocalizes to the centrosomes (spindle poles). and 0.5 g/ml bromophenol blue, and immediately applied to 10% After mitosis, each daughter cell receives one centro-SDS-PAGE gel. Electrophoresis was performed for 3 hr at 40 mA. The some bound by NPM/B23, which dissociates from the gels were silver stained, dried, and subjected to autoradiography. centrosome upon exposure to CDK2/cyclin E in the next cell cycle. In this setting, NPM/B23 would constitute a licensing system for centrosome duplication, ensuring 
